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ABSTRACT 
 
Manure management is a significant component of livestock production. Intense 
livestock production is shown to have negative environmental impacts on air, water, and 
soil quality. That impact is largely due to manure management, where excessive manure 
is often applied to soil as fertilizer or stored in lagoons. Some thermo-chemical methods, 
such as gasification and pyrolysis, can transform manure from waste to resource. The 
closed-loop dairy concept uses these methods to create cow manure derived biochar for 
use as a soil amendment and water filtration medium. It has the potential to produce syngas 
and bio-oil for electricity production and replace land applied solid manure with biochar 
that further mitigates environmental impacts. Implementing the closed-loop concept, 
however, would require capital and maintenance cost that may outweigh the benefits. For 
this thesis, a nexus-based tool for tradeoff analysis and resource allocation was built to 
evaluate the economic, environmental and social feasibility of the closed-loop dairy 
concept. With crop yield, biomass conversions, and environmental impact submodules, 
this tool utilizes several scenario levers to simulate a user-specified dairy operation. Such 
levers include livestock amount, acres farmed, effluent irrigation amount, distribution of 
manure and biochar products, and type of biomass conversions. Using financial estimates 
from central Texas in 2018, the profitability of such practices is evaluated against costs of 
a dairy and hay operation by this tool. This study showed that the profitability of the 
closed-loop dairy concept depends on the case. Results showed it may be worthwhile only 
for large operations because of the high cost of gasification or pyrolysis and that a dairy 
that fits this model would need to scale up by 3-4 times just to break even. 
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INTRODUCTION AND LITERATURE REVIEW 
 
TEXAS BEEF AND DAIRY INDUSTRY SCALE AND FOOTPRINTS 
The Texas beef and dairy industries represent one of the largest and fastest growing 
dairy-sheds in the United States. With 4.4 million beef cows and 490,000 dairy cows 
(USDA NASS, 2017), these industries are significant food producers and have a 
significant environmental footprint. According to Safferman & Wallace (2015), one cow 
requires 50 gallons of water per day, including drinking, cooling, milk cooling, and 
washing. One case study of dairies in Western France reported an average of 338.6 
kilowatt-hours of electricity use per hectare per year on conventional farms. For example, 
conventional farms were reported to produce an average of 946.06, 6.49, and 136.66 
kilograms of carbon dioxide, nitrous oxide, and methane per hectare, respectively. For 
water quality, the study reported an average of 305.26 and 1.07 kilograms of nitrate and 
phosphate per hectare, respectively (van der Werf et al., 2009). Thus, dairies lie at an 
intersection of water, energy, food, and environmental dynamics. 
Manure management has been shown to impact air, water, and soil quality. 
Commonly, solid manure from animal production facilities is land applied as fertilizer in 
excess of the crop nutrient needs. This land application occurs locally, as the weight and 
quantity of manure makes further transportation expensive. Emissions of nitrous oxide 
(N2O) result from nitrification and denitrification in the soil following manure application, 
as well as livestock bedding and surface storage, like pits. Methane (CH4) is produced 
from anaerobic decomposition of organic matter in manure, and directly from livestock 
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by enteric fermentation (Chadwick et al., 2011). Manure applied in excess can transport 
nitrate and phosphate to surface water bodies through runoff, and lagoons which store 
slurry can also leach nutrients into groundwater over the long term. Excessive nutrients in 
surface water leads to eutrophication (Kato et al., 2009). Manure contains 300 parts per 
million of total nitrogen, 70 ppm of phosphorus, and between 1500 and 2000 ppm 
chemical oxygen demand (COD) (personal communication, Dr. Kan). 
 
CLOSED-LOOP DAIRY CONCEPT 
The closed-loop dairy concept uses manure-derived biochar to treat wastewater, 
produce bioenergy, and capture greenhouse gases by adsorption as Kan proposed 
(FastCompany.com, 2017). The biochar can be used as a slow-release fertilizer for crops 
and is resistant to erosion. Biochar can also capture antibiotics, pesticides, hormones, 
heavy metals, and other possible contaminants when modified in a lab (Baronti et al., 
2010).  Biochar is produced from both gasification and pyrolysis, at approximately 30% 
and 50-60% of biomass input, respectively. It has been shown to have various benefits, 
including carbon sequestration, increased soil fertility, increased nutrient and water use 
efficiency, and reduced emissions. In a study of biochar properties from different types of 
biomass, cow manure had high electrical conductivity, relatively low carbon, moderate 
nitrogen, and high phosphorus. The carbon to nitrogen ratio and high phosphorus content 
of manure-derived biochar makes it the most available nutrient rich sources for biochar, 
compared to plant biomass (Singh et al., 2010). An example system diagram of the closed-
loop dairy concept is shown in Figure 1. 
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Figure 1: System Processes of the Closed-Loop Dairy Concept 
 
 
 
BIOMASS CONVERSIONS 
Pyrolysis and gasification are two thermo-chemical methods of processing manure 
into a resource. Pyrolysis heats biomass at high temperatures in the absence of oxygen 
(Mukhtar & Capareda, 2012), bringing about gaseous, liquid, and solid primary products 
in the absence of an oxidant. It produces synthesis gas, or syngas, a collection of hydrogen 
and carbon monoxide. The liquid product is bio-oil, and the solid product is biochar, which 
has various agronomic benefits. 
Produced syngas has various energy uses; it can be processed into other fuel or 
burned to generate electricity. With follow-up treatment, bio-oil also has several uses, 
including transportation and electricity generation. This process may require removing 
moisture, adjusting acid content, and removing oxygenated compounds. The third 
component requires the use of catalysts and photocatalysts, the cost of which can be high 
(Kim & Kan, 2016). One of the more expensive catalysts, platinum, costs $50,965 per 
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kilogram. As catalysts needed is usually less than 5%, a high-end estimate of catalyst cost 
is $2550 per kilogram bio-oil processed.  
 
More syngas is formed at higher temperatures, while most solid biochar is produced at 
lower temperatures. Liquid products are produced at moderate temperatures between 400 
and 600 C. Bio-oil yields are maximized at a shorter residence time, or a lower heating 
rate. According to (Bridgwater, 2012) a temperature of approximately 400 C with a 
residence time of hours to days provides conditions to produce 35% biochar, 30% liquid, 
and 35% gaseous products by weight. 
Gasification, an alternative to pyrolysis, is the heating of biomass in a partial 
oxidation atmosphere (Fernandez-Lopez et al, 2016); it produces syngas and biochar. In 
gasification operations, the air to fuel (A/F) ratio is important. It is calculated by dividing 
the product of each element and its molecular weight in air by that of the fuel combusted. 
Thus, the percent elemental components of the fuel must be known. Without controlling 
the A/F ratio, as much as 50% N2 gas can be present in the produced syngas, which has 
no energy content. Syngas can be converted to liquid fuel or electricity. 
 
NEXUS MODELING 
The concept of Water-Energy-Food Nexus describes a framework of resource 
modeling that considers the interactions and tradeoffs between sectors which normally 
operate in siloes (Mohtar & Daher, 2012). To achieve sustainable solutions to complex 
problems on local, regional, national, and international scales, a nexus perspective 
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provides a platform for economic and policy decisions. Animal production systems are a 
nexus hotspot, and the closed-loop concept presents a holistic solution. A nexus model of 
the closed-loop concept will relate more than just water or nutrients to agricultural 
productivity. By valuing the consumption and production of water, energy, emissions, and 
soil health for a unit of crop and animal production, the model will reflect the nexus 
implications of agriculture as indicated by (Mohtar, 2015). A tool based on the nexus 
model will be constructed at a farm scale which reflects an average dairy farm in Texas. 
Therefore, the tool will be able to indicate the benefit of implementing the closed-loop 
system for farmers. To illustrate the benefit and embedded costs, the nexus-based tool will 
depict tradeoffs between expense and income from respective water, energy, and food 
resources and the local environmental impacts of the system. 
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OBJECTIVES 
 
The objective of this research is to: 
 
1. Build a nexus-based tool for tradeoff analysis and resource allocation for 
management of farm-scale dairy waste, agricultural yield, environmental impacts 
and costs 
 
2. Evaluate the resource tradeoffs of closed-loop dairy concepts at a farm scale for 
agricultural yield, environmental impacts, and costs 
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METHODS 
 
SITE DESCRIPTION 
The research will be based at a study site located at the Southwest Regional Dairy 
Center at Stephenville, Texas. Based on personal communication with the dairy center 
manager, several estimates were made, including: the number of cows, dairy yield, and 
amount of manure produced. The dairy center has approximately 400 cows at a time, 
which produce about 2 tons of manure per day. As well, they produce about 32,500 pounds 
of raw milk per day. The cattle pens are flushed by water in a rotation as cattle are moved 
out to milking. The manure collects in a pit system, from which solid manure is scraped 
out every other day. A screen at the end of the pit system filters larger particles from the 
liquid manure slurry, which moves into the first lagoon. Half of the effluent from the 
second lagoon is returned to a reuse tank at the pens for flushing, and half is used to irrigate 
nearby fields. 
This operation is representative of many medium-sized dairies in central Texas and 
has potential for the closed-loop dairy concept to be applied. Figure 2 depicts the system 
processes at the Dairy Center from a nexus perspective, including closed-loop dairy 
processes. Shown in yellow, the only system input is freshwater. In this figure, two outputs 
(feed and electricity) are closed-loop; they reenter the system as inputs. Outputs are shown 
in green, and include dairy products, human wastewater, runoff, and infiltration. System 
processes and stages, like lagoons, within the dairy center are shown in blue. Figure 2 also 
shows different types of flow within the system, including water, energy, food, manure, 
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and slurry. Here, land application of manure and biochar can also be considered a closed-
loop input to influence the feed. 
 
 
 
 
Figure 2: Nexus-Based System Diagram of the Southwest Regional Dairy Center 
 
 
 
SITE WATER QUALITY  
According to Texas A&M AgriLife researchers, this effluent has a pH of 8.5, an 
ammonia content of 250 ppm, and 30 to 40 ppm of phosphate. The estimated retention 
time of this effluent in the first lagoon is 20 days before it flows into the second lagoon, 
according to a tracer study by Texas A&M AgriLife researchers (Kan, 2017). Effluent 
held in the second lagoon has a COD of 1000 to 1200 ppm and a retention time of less 
than 20 days.  
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Water samples were taken from the farm at the pit system, screen, first lagoon, and 
second lagoon, as depicted in Figure 3. The samples were tested for bacteria, pH, COD, 
nitrogen, phosphorus, nitrate, phosphate, and ammonia content by the Texas A&M 
AgriLife Extension Service Soil, Water and Forage Testing Laboratory. Samples were 
collected on three occasions from the same locations (May, June, and November 2017) to 
observe the effect of seasonal changes in climate on effluent water quality. In the lagoons, 
five 500 mL water samples were taken from radially equidistant locations around the edge 
of the lagoons. From the screen, five samples were taken from across the limited area 
following the screen and before flowing into lagoon 1. From the pit system, five samples 
were collected from equidistant points throughout the system, starting just out of the pens 
and ending just before the solid mass of manure that lies in front of the screen. 
 
 
 
 
Figure 3: Water quality monitoring stations showing Dairy Center system 
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SITE MANURE MANAGEMENT 
Detailed records of crops grown, lagoon water levels, effluent application and solid 
manure application were provided by the dairy center. Looking at 24 different fields in the 
database over the most recent winter growing season, it was found that most fields were 
growing different types of hay or forage, with a majority of 6 growing coastal 
bermudagrass. This hay crop was selected for the study. Two fields were identified to 
provide study application rate and interval of effluent and manure respectively: New Kirk 
East and New Kirk West, shown in Figure 4. Based on records from June 2016 to present, 
New Kirk East primarily received effluent irrigation about every 3 days with a standard 
deviation of 6 days. The individual application rate was 1.16 mm/acre with a standard 
deviation of 0.53 mm/acre. During a period from September 2013 to August 2017, New 
Kirk West primarily received solid manure application about every 7 days, with a standard 
deviation of 12 days (most of the data was from April 2016 to August 2017). According 
to the dairy center records, the field received an average of 0.54 dry tons/acre with a 
standard deviation of 0.49 dry tons/acre. It is important to note the high deviation of values 
in both the application interval and rate; these amendments are applied based on 
experience and day-to-day climate conditions.  
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Figure 4: New Kirk East and New Kirk West fields. From left to right, the polygons represent: Dairy 
Center, New Kirk West, New Kirk East 
 
 
 
REVIEW OF BIOMASS CONVERSIONS 
From various sources of literature, typical yield of syngas, biochar, and bio-oil 
were found. According to Introduction to Biomass Energy Conversions (Capareda, 2013), 
the syngas yield from biochar is 2.11 m3 per ton of manure input, and its heating value is 
4.19 MJ/m3. Biochar yield from gasification was determined to be 15% by weight through 
pilot-scale research on dairy manure at Texas A&M (personal communication, Capareda). 
From pyrolysis, biochar yield was found to be 30.97% at a temperature of roughly 300 °C 
(Cely et al, 2015). An average syngas yield of 17.63% by weight (standard deviation 
5.65%) was assumed based on literature review of a broad range of biomass (Cantrell et 
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al, 2012 & Crombie & Masek, 2014 & Capareda, 2013 & personal communication, Kan 
2018). The density of syngas, 0.95 kg/m3 was used to find the volumetric yield (Brar et 
al., 2013). Using the same literature as for syngas, yield of bio-oil from pyrolysis was 
determined to be 32.4% by weight from a broad range of biomass, with a standard 
deviation of 5.98%. Raw bio-oil quality as fuel is incompatible with conventional fuel 
because of its high oxygen content. To be used as biofuel, in place of diesel or gasoline, 
bio-oil must be deoxygenized and refined; many methods exist, including integrated 
catalytic pyrolysis, decoupled hydrotreating, zeolite vapor cracking, esterification, and 
gasification to syngas followed by refining (Bridgwater, 2012). Some of these processes 
result in a loss of yield, and an upgrading efficiency of 80% was assumed for this study 
based on literature. 
The average monthly electricity use of the dairy center of from June 2016 to June 
2017 was provided by the dairy center. The amount used for this study did not include the 
electricity used for pumping water from a well which is reserved for the dairy center. 
Using the local electricity rate of $0.80/kwh, both the average monthly expense for the 
farm and potential savings from syngas electricity generation. Local diesel prices of 
$2.60/gal were used to estimate the potential savings from bio-oil production. In terms of 
expenses, the local operating costs for the growing hay were obtained from Texas A&M 
AgriLife Extension (2018) District 8 Crop and Livestock Budget Sheets on a per-acre 
basis. The cost and income of milk production was found for the state of Texas in 2016 
from the USDA ERS (2016) on a per-hundredweight (cwt) basis. From these agricultural 
budgets, overhead and fixed costs were ignored. While this component is significant for a 
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dairy farm budget, it will widely depend on the financial situation of the individual farm, 
including interest rates on loans. Focusing on the operating costs is sufficient for 
evaluating the closed-loop concept for manure management and various outputs. The 
capital and operating cost of equipment needed for the closed-loop concept biomass 
conversions were estimated based on literature and discussed later. 
 
TOOL FRAMEWORK 
The tradeoff analysis was done by developing a nexus-based tool to capture the 
processes of the system shown in Figure 2. In Figure 4, the closed-loop dairy system is 
shown in terms of the system calculations employed by the tool. State independent 
variables are shown in yellow, with system process calculations in blue. These calculations 
utilize parameters which are listed in Table 1. Processes done in SWAT, discussed later, 
are shown in orange and the system outputs in green. Figure 4 identifies the different flows 
of water, energy, food, waste, and cash in the tool. The inputs were made adjustable and 
were used to create scenarios. The tool is broken into two modules, income and expenses, 
and has a monthly basis. The income module has three submodules: crop yield, savings 
and biomass conversions. The scenarios were created by adjusting the inputs and 
evaluated in terms of their relative financial and environmental impact. 
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Figure 5: Inputs and calculations in the nexus-based tool 
 
 
 
TOOL INPUTS 
The user input parameters include: number of cows (stock), area farmed in acres, 
volume of effluent irrigation applied, portion of produced manure to be used for land 
application versus biochar production, portion of produced biochar used for land 
application versus other uses, and the option of gasification or pyrolysis. The summary of 
process parameters is shown in Table 1, and their sources and assumptions are explained 
in the section following. 
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Table 1: Summary of process parameters 
 
Name Original Value (monthly) 
Manure production 2 tons per 400 cows per day 0.15 ton/cow 
Dairy yield 
32,000 to 33,000 lbs per 400 cows 
per day 
2,472 lbs/cow 
Hay value $55 per roll, assuming half ton rolls $110/ton 
Syngas yield (gasification) 2.11 m3 per kg manure 1,914 m3/ton 
Syngas yield (pyrolysis) 17.6% by weight  
Syngas specific volume 0.95 m3/kg 955 m3/ton 
Syngas heating value 4.19 MJ/m3  
Bio-oil yield 32.4% by weight  
Bio-oil specific volume 1200 kg/m3 0.76 m3/ton 
Bio-oil heating value 17 MJ/kg  
Biochar yield 
(gasification) 
15% by weight  
Biochar yield (pyrolysis) 31% by weight  
Value of electricity $0.80/kWh local rate  
Value of diesel $2.60/gal local rate  
Cost of growing hay 
$14.98/ac from selected operating 
costs 
 
Cost of producing dairy 
$15.09/cwt from selected operating 
costs 
 
Cost of biomass 
conversions 
$843.67/ton manure processed  
 
 
The farm obtains income from growing crops on land which is irrigated with liquid 
manure effluent and has solid manure applied. According to the AgriLife budget sheets, a 
roll of hay is worth about $55. Fields could also have some amount of biochar, produced 
by gasification or pyrolysis, land applied. Because there are no yield records, the system 
was modeled using the Soil and Water Assessment Tool (SWAT) in ArcMap to estimate 
yield and environmental impacts of the manure management. This will be discussed in the 
next section. 
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As previously mentioned, given 2 tons of manure produced per day and 400 cows, 
0.152 tons per cow per month was used for the tool (personal communication, Clay 
Dameron/Barbara Jones/dairy center). Based on the specified percent of manure to be 
reserved for field application, the remaining amount is used for biomass conversions. The 
biomass conversions section allows the user to choose between gasification and pyrolysis. 
For pyrolysis, the conditions of experimental research at Texas A&M AgriLife were used: 
having a temperature of 350 °C and a retention time of 3 hours (personal communication, 
Kan 2018). Based on literature, the respective yield of syngas, bio-oil, and biochar factors 
were used as discussed previously. The conditions of the TAMU Fluidized Bed Gasifier 
from Capareda (2013) were assumed for gasification; this pilot scale reactor has been used 
at the Southwest Regional Dairy Center for case study before. Here, the bed temperature 
was 762 °C with an air flow of 0.42 m3/min and fuel feed rate of 339 g/min. To determine 
the amount of electricity produced for the farm, an electricity conversion efficiency of 
30% was assumed based on personal communication with Walter Oosthuizen. The 
calculations are shown in Equations 1 and 2. The outputs of the biomass conversions 
submodule include electricity, fuel, and biochar production. If the user selects pyrolysis, 
bio-oil will also be produced. A similar process is used to estimate the savings of bio-oil 
refined for fuel use. The calculation is shown in Equation 3. 
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Equation 1: Calculation of manure input to biomass conversions 
𝑀 = 𝑆 ∗ 𝑀𝑃 ∗ (1 − 𝑃𝑀) 
 
Where M = manure input to biomass conversions (tons) 
 S = stock (cows) 
 MP = manure production (ton/cow) 
PM = percent of produced manure for land application (%) 
 
Equation 2: Calculation of electricity savings 
𝐸𝑆𝑆 = 𝑀 ∗ 𝑌𝑆 ∗ 𝐻𝑉𝑆 ∗ 𝜂𝐸 ∗ 𝐶1 ∗ 𝐸𝑉 
 
Where ESS = electricity savings from syngas ($) 
 YS = syngas yield from gasification or pyrolysis (m
3/ton) 
 HVS = syngas heating value (MJ/m
3) 
 ηE = electricity conversion efficiency (%) 
 C1 = unit conversion (0.28 kWh/MJ) 
 EV = electricity value ($/kWh) 
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Equation 3: Calculation of fuel savings 
𝐹𝑆 = 𝑀 ∗ 𝑌𝐵𝑂 ∗ 𝜈𝐵𝑂 ∗ 𝜂𝑈 ∗ 𝐶2 
 
Where FS = fuel savings ($) 
 YBO = bio-oil yield from pyrolysis (%) 
 νBO = specific volume of bio-oil (m3/ton) 
 ηU = upgrade efficiency (%) 
C2 = unit conversion (264.2 gal/m
3) 
 
Bio-oil can substitute for fuel oil in static application, including electricity generating 
turbines (Bridgwater, 2012). Thus, an additional user option was included to burn bio-oil 
for electricity instead of upgrading for biofuel. The heating value 17 MJ/kg and same 
electricity conversion efficiency as syngas were used. Notably, using bio-oil produced 
from pyrolysis for electricity generation was always more profitable than for fuel, in this 
study. The calculation is shown in Equation 4. 
 
Equation 4: Calculation of bio-oil electricity generation 
𝐸𝑆𝐵𝑂 = 𝑀 ∗ 𝑌𝐵𝑂 ∗ 𝐻𝑉𝐵𝑂 ∗ 𝜂𝐸 ∗ 𝐶3 ∗ 𝐸𝑉 
 
Where ESBO = electricity savings from bio-oil ($) 
 HVBO = heating value of bio-oil (MJ/kg) 
 C3 = unit conversion (907.2 kg/ton) 
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The module on expenses is composed of dairy, hay, and biomass conversions per-
unit costs. The budget sheet for dairy production was obtained from the USDA ERS and 
was specific to the state of Texas. From 2016, the operating costs per hundredweight 
included in this study were purchased feed ($10.94/cwt), labor ($2.44/cwt), and 
miscellaneous operating costs ($1.71/cwt) for a total of $15.09/cwt. The hay operation 
costs, specific to the 22 county District 8 from Texas A&M AgriLife, were on a yearly 
basis, and divided by 12 to use a monthly average. The operating costs for the hay 
operation used for this study include insecticide ($0.56/ac), machinery labor ($1.19/ac), 
machinery repairs ($0.55/ac), and miscellaneous operating costs including cut and bale 
($11.67/ac) for a total of $13.97 per acre. 
The production cost of a pyrolysis plant, including capital related charges was 
estimated by Equation 5 (Bridgwater, 2012). The equation was given in terms of bio-oil 
produced, and it was altered to be in terms of manure input for this study. Based on 
literature, it was assumed that the production cost for a pyrolysis plant is roughly similar 
to that of a gasification plant (Bridgwater et al, 2002). Note that the calculation produced 
results in Euros and metric tons, thus, finding the actual production cost required M to be 
converted from tons to metric tons. 
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Equation 5: Calculation of biomass conversions production cost 
𝑃𝐶 = 1.1 ∗ 𝐻 ∗ 16935 ∗ 𝐹−0.33 ∗ 𝐶4 
 
Where PC = production cost ($/metric ton manure) 
 H = capital cost and capital related charges constant (0.18) 
 F = biomass feed rate (metric ton/yr) 
 C4 = unit conversion (1.39 €2011/$) 
 
Although only the operating costs were included in this analysis, the capital cost 
of gasification and pyrolysis were calculated for discussion. Literature gives Equation 6 
for calculating the capital cost of a pressure gasification and fast pyrolysis plant; this 
equation was generated through regression of various plants (Bridgwater et al., 2002). 
Based on these calculations, the estimated capital cost of gasification and pyrolysis 
reactors are $17,500 and $48,941 respectively. 
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Equation 6: Calculation of the capital cost of biomass conversions 
𝑇𝑃𝐶 = 𝐴 ∗ (1000 ∗ 𝑄)𝐵 ∗ 𝐶5 
 
Where: TPC = total plant cost of reactor system ($) 
 A = process constant for pressure gasification (94.5) or fast pyrolysis (40.8) 
 Q = mass flow rate of prepared biomass into reactor (kg/hr) 
 B = process exponent for pressure gasification (0.6384) or fast pyrolysis (0.6194) 
 C5 = unit conversion (0.92 €2000/$) 
  
CROP AND ENVIRONMENTAL INPUT USING SOIL & WATER 
ASSESSMENT TOOL (SWAT) 
To estimate the values needed for the crop production and environmental impact 
submodules, the Soil & Water Assessment Tool (SWAT) was used. SWAT is a physical, 
watershed-scale model which functions as an extension in ArcGIS and quantifies the 
impact of land management in complex watersheds of various soil, land use, and 
management. To simulate the effect of manure application in the watershed, the input 
tables were adjusted in ArcSWAT. The digital elevation model (DEM) was obtained from 
the National Hydrography Dataset (NHD), version 2. This data, and the location of the 
study site, is shown in Figure 5. The North Bosque River was selected from the NHD 
flowlines shapefile, and the 12-digit Hydrologic Unit Code (HUC) watershed that contains 
the study area was found and used to clip the DEM for analysis.  
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Figure 6: Location of the study area and DEM used for SWAT 
 
 
 
Using the USGS streamflow gauging station database, one station was selected for 
the watershed, located at Hico, Texas. Station 08094800 has daily discharge data in cubic 
feet per second from 2014-04-15 to present (Appendix A2). Thus, the model was run from 
April 15, 2013 to December 31, 2017. Using this time frame, 2013 was used as model 
warmup, 2014-2015 was used for calibration, and 2016-2017 was used for validation. The 
model was calibrated by comparing the simulated monthly average streamflow to the 
observed monthly average streamflow at the Hico gauging station. Calibrating the 
streamflow at the outlet of the study watershed, by altering certain model parameters, is a 
fundamental means of validating accuracy of the overall model hydrology. For January-
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April 2014, average streamflow from 2015-2017 were used to fill the data before 
streamflow as monitored at the station.  
In order to run the model and observe simulated streamflow, several setup stages 
had to be conducted, including watershed delineation. Using the DEM discussed, the study 
watershed was generated (Appendix A2), and 26 subbasins were generated for analysis 
(Appendix A3). The National Land Cover Dataset (2011) was used to create Hydraulic 
Response Units (HRUs), and the lookup table for 2001/2005 NLCD was used (Appendix 
A4). For soils, ArcSWAT STATSGO was used (Appendix A5). The watershed slope was 
classified into classes of 0-0.6, 0.6-2, and greater than 2 (Appendix A6). In HRU 
definition, a threshold of 10% was used for land use, soil, and slope coverages. Daily 
precipitation and temperature data were obtained from the National Oceanic and 
Atmospheric Administration (NOAA) National Center for Environmental Information 
web page and manually formatted to be used by SWAT. Precipitation data was obtained 
from two weather stations in Stephenville, Texas, and temperature data was obtained from 
a combination of weather stations in Stephenville and at Proctor Reservoir, Texas. 
To simulate the manure management practices in the area, the Management Input 
Files were adjusted in SWAT. For this stage of modeling, the study watershed was further 
refined to the bounds of Subbasin 6, shown in Figure 6, which contains the dairy center 
and adjacent fields where manure and effluent are applied. For this watershed, a specific 
set of management operation parameters were imposed on all land use defined as row 
crop, hay, or range. An example of the interface of management input files is shown in 
Figure 5. This figure gives an example of how the edited management input files are 
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selected, the interface of the operations schedule, and a list of possible management 
operations to edit. The following operations were used to simulate the manure 
management system of the dairy center: auto irrigation, continuous fertilizer, planting, and 
harvest. The fertilizer database and general management parameters were also manually 
edited. A detailed table of each operation and parameter considered is included in 
Appendix B, detailing the required or optional nature of each parameter, definition, value 
entered, and justification. 
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Figure 7: Location and satellite view of Subbasin 6 in SWAT modeling 
 
 
 
First, a new fertilizer had to be added to the database to represent the lagoon 
effluent. In SWAT, the fraction of mineral N, mineral P, organic N, and organic P must 
be entered. In addition, the fraction of mineral N applied as ammonia must be entered. 
While no other fertilizers in the SWAT database had any bacteria data, the observed 
concentration of persistent bacteria (in this case, E. coli) was entered. The bacteria 
partition coefficient, detailing the sorption to soil versus staying in solution, as assumed 
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0.5. That is, equal parts of bacteria were modeled as sorbed to soil as staying in solution. 
It was also assumed that all E. coli measured could be considered “persistent” bacteria 
versus “non-persistent.” Because there was no distinction between mineral and organic 
nutrients in the lab results of water quality samples in this study, the same ratios of dairy 
manure were used to separate the total N and total P into mineral and organic partitions. 
Table 2 shows the values entered into SWAT. 
 
 
Table 2: Dairy effluent fertilizer input data for SWAT 
 
Parameter Value 
Total N observed 0.059 % 
FMINN simulated 0.012 % 
FORGN simulated 0.048 % 
Total P observed 0.004 % 
FMINP simulated 0.0025 % 
FORGP simulated 0.0015 % 
FNH3N simulated 0.99 % 
BACTPDB simulated 6050 CFU / g fertilizer 
 
 
 
Second, in the general management parameters, irrigation as specified as an 
“outside source,” because the changing volume of water in the lagoons was not modeled 
in SWAT. The USLE_P parameter, part of the universal soil loss equation, was changed 
from 1 to 0.8 as an assumption to reflect non-contour farming. All other general 
management parameters were given the default value of zero. 
 
Management operations are scheduled by year and either heat units or month/day, as can 
be seen in Figure 5. The theory of crop heat unit scheduling is described in Chapter 5:1 in 
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the SWAT Theoretical Documentation (Neitsch, Arnold, Kiniry, & Williams, 2011). The 
first operations parameter, auto irrigation, was initiated in Year 1 at 0.01 HUSC (fraction 
of total base zero heat units at which the operation takes place), or the beginning of the 
simulation. As with the general parameters, it was specified to be from an “outside source” 
so that supply was no issue. The water stress threshold was set at 0.9 according to the 
suggestion in SWAT Input/Output Documentation (Shekhar & Xiong, 2008) and 
irrigation efficiency was set to 0.75 based on industry standards. From the dairy center 
records, the irrigation volume was set to 87 mm based on New Kirk East, as discussed 
previously. The standard deviation of this average was 39 mm. The surface runoff ratio 
for irrigation as assumed to be 0.25, based on a typical curve number of the area. The auto 
irrigation operation runs through the entire simulation, and as the model tracks the crop 
water stress, applies the set volume of irrigation whenever crops drop below their water 
stress threshold. 
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Figure 8: Example of SWAT management input files and operations interface 
 
 
 
The second operation was continuous fertilizer, which was also scheduled to begin 
at 0.01 HUSC. Its duration was set to 2000 days to cover the entire simulation time frame. 
Dairy effluent and solid manure application were lumped together in this operation 
because there was no difference in the resulting crop yield. The fertilizer type was set to 
the manually created dairy effluent, because it is the vast majority of fertilizer by weight. 
The application frequency set for continuous fertilizer was 6 days, an average of the 
application frequency of dairy effluent (4 days) and solid manure (8 days). The standard 
deviation of each was 6 and 12 days respectively. This tells the model to apply fertilizer 
every 6 days regardless of the crop nutrient needs. The amount of fertilizer applied was 
the sum of dairy effluent (62167) and solid manure (1334) in kilograms per hectare. From 
the value 1.16 mm/ac, previously discussed, the mass of effluent over the field was 
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determined based on the density of water. This was multiplied by the sum of nutrient 
content percentages as entered into the fertilizer database to come to the sum 62167 kg/ha 
of nutrients in the effluent.  
The third operation was planting, set at a standard value for SWAT of 0.15 HUSC. 
It was set to bermudagrass, which had the default total heat units of 1460.4. No other 
planting parameters were specified. Planting was scheduled in the same way in each of 
the 5 years of simulation. The fourth operation was harvest. It harvests the crop without 
killing it, and was scheduled at 1.2 HUSC, also a SWAT standard value. The harvest 
efficiency was set to 1, meaning that all biomass was harvested each season. The harvest 
index override, which specifies the amount of biomass cut, was set to 0.9. Harvest was 
also scheduled for each of the 5 years in the simulation. 
After rewriting the input files with the edited management parameters, the model 
could be run. Several options of viewing output files are available in SWAT, illustrated in 
Figure 6.  
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Figure 9: Example of SWAT output files 
 
 
 
The reach (.rch) output file holds the simulated streamflow for the watershed. This 
dataset was compared to the observed data on the same time frame as discussed previously. 
The Nash-Sutcliffe Efficiency (NSE) was used to evaluate the model variance (Moriasi et 
al., 2007). The NSE calculation is shown in Equation 7. 
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Equation 7: Nash-Sutcliffe Efficiency equation 
𝑁𝑆𝐸 = 1 − [
∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑖
𝑠𝑖𝑚)
2𝑛
𝑖=1
∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛)
2𝑛
𝑖=1
] 
 
Where Yi
obs = ith observation of streamflow 
 Yi
sim = ith simulated value of streamflow 
 Ymean = mean of observed streamflow 
 n = total number of observations 
 
To obtain a NSE of greater than 0.5, the SWAT Calibration and Uncertainty 
Programs package (SWAT CUP) was first used. SWAT CUP allows the user to link 
SWAT input and output files, input observed flow data, and specify parameters to 
iteratively change and evaluate calibration statistics. Figure 7 shows an example of the 
interface of SWAT CUP, and the input parameters setting.  
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Figure 10: Example of SWAT CUP interface 
 
 
 
The program SUFI2 (Sequential Uncertainty Fitting) was used to alter 8 
parameters within a relative range of ±30% over 500 iterations. The parameters and the 
relative multiplication or percent change are shown in Table 2.   
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Table 3: SWAT CUP results 
 
Parameter 
Percent 
Change (%) 
Description 
CN2 -14.79 
Initial SCS runoff curve number, moisture 
condition 2 
ALPHA_BF 14.85 Baseflow alpha factor 
ESCO -29.91 Soil evaporation compensation factor 
SOL_AWC 26.67 Available water capacity of the soil layer 
GW_REVAP -22.83 Groundwater “revap” coefficient” 
GW_DELAY 20.01 Groundwater delay time 
SOL_K -17.55 Saturated hydraulic conductivity 
SURLAG -24.87 Surface runoff lag coefficient 
 
 
To complete the calibration, the model was manually calibrated using specific 
parameters which streamflow is typically sensitive to. By further reducing CN2 by 10%, 
reducing ESCO by 20%, and increasing SOL_AWC by 10%, and increasing GWQMN 
(the threshold depth of water in the shallow aquifer required to return flow to occur) by 
20%, the calibration obtained an NSE of 0.81. This fit can be seen in Figure 8, comparing 
the observed, uncalibrated simulated, and calibrated simulated streamflow in cubic meters 
per second. With streamflow calibrated, the SWAT model hydrology is expected to be 
reliable. For this study, this was deemed acceptable to use the resulting estimate of crop 
yield and environmental impacts. 
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Figure 11: SWAT calibration results 
 
 
 
The results of SWAT were observed from the management (.mgt) and water 
quality (.wql) output files. The crop yield was evaluated for Subbasin 6 only, as it was 
where management operations were changed from the default. The average crop yield was 
found from each HRU, which occurred once each year with the harvest only operation, 
for 2014-2017 (which ignored the warmup period). According to SWAT, the average crop 
yield was 42336 kg/ha with a standard deviation of 5053 kg/ha. To match the period of 
the Excel-based tool, the yield was changed to a monthly basis. It is important to note that 
the income modeled by the tool is not uniform by month in reality; the income and 
expenses of a dairy and/or hay farming operation is concentrated and seasonal throughout 
the year and varies from farm to farm. The monthly estimate for crop yield was calculated 
to be 1.57 tons per acre per month.  
Several water quality parameters were output by SWAT, including organic N, 
ammonia, nitrite, nitrate, organic P, soluble mineral P, and CBOD. These results were also 
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evaluated for Subbasin 6 and analyzed as an average of 1722 daily concentrations from 
2014-2017. Comparing results with and without effluent and manure application, the 
average watershed nitrate load added was 5.2*108 kg per month and the average soluble 
mineral P load added 6.8*106 kg per month. From Dairy Center records, the monthly 
volume of effluent applied is approximately 3.15 acft based on monthly records, and 2.85 
acft based on individual application volume as employed in SWAT. To approximate the 
environmental impact on a per-effluent basis, 3 acft (1 Mgal) was used; thus, this study 
estimates 519 kg nitrate per gallon effluent and 6.76 kg soluble mineral P per gallon 
effluent are added to the watershed. 
By running SWAT with different quantities of continuous fertilizer applied, it 
could be seen that there was nearly a 100% reduction in yield in all HRUs when no manure 
was added to the land. Thus, the yield was approximated as directly proportional to the 
amount of effluent irrigation applied. In the Excel-based tool, a modified yield per acre is 
calculated as a function of the effluent irrigation and biochar applied. Based on two 
studies, biochar was found to increase biomass yield by 23, 8, 150, and 98 percent when 
10, 10, 15, and 20 metric tons/ha were applied, respectively (Baronti et al., 2010 & Uzoma 
et al., 2011). The average percent increase and average application rate, 70% and 13.75 
metric tons/ha, were used as a ratio. This was used as another means of altering the 
modified yield, as shown in Equation 8.  
 
Equation 8: Calculation of modified crop yield 
𝑌𝑚 =
𝑌𝑏 ∗ 𝐸𝐼
𝐸𝐼𝑏
∗ (
0.7 ∗ 𝐵
13.75 ∗ 𝐴
+ 1) 
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Where Ym = modified yield per acre (ton/ac) 
 Yb = base hay yield per acre (1.57 ton/ac) 
 EI = effluent irrigation (gal) 
 EIb = base effluent irrigation (1027740 gal) 
 B = biochar produced (metric tons) 
 A = area farmed (ha) 
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REVIEW OF GENERAL ASSUMPTIONS 
• 400 cows produce 2 tons of manure per day 
• 32,500 cwt is produced per cow per day 
• Hay bales weigh a half ton (1,000 lbs) 
• No system losses of manure, hay, dairy, syngas, bio-oil, or biochar. System losses 
include resources dropped in distribution and transportation, spilled on the ground, 
released to the atmosphere or water, etc. 
• Syngas and bio-oil pyrolysis yields estimated from a broad range of feedstock from 
literature are accurate for dairy manure 
• All biomass conversion yields are constant 
• Gasification and pyrolysis conditions, such as temperature and feed rate, are 
constant 
• All biomass conversion yields are consistent with gasification and pyrolysis 
conditions 
• Electricity conversion efficiency of 30% for syngas and bio-oil 
• Bio-oil upgrading efficiency of 80% 
• All biochar is land applied; none is sold or used for filtration of effluent 
• Field experiments of maize and wheat yield response to biochar application rate 
provide reasonable estimates for this study 
• Crop yield is directly proportional to manure, effluent, and biochar amendments 
• The value of crop yield and dairy products is consistent with sources obtained from 
Texas AgriLife and USDA, respectively 
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REVIEW OF SWAT ASSUMPTIONS 
• All manure, effluent, and biochar are evenly applied to farmed acres 
• SWAT input files (including DEM, soils, and land use) are accurate and up to date 
• Calibrating the North Bosque River watershed streamflow at the Hico USGS 
gauge allowed SWAT to produce reliable results for crop yield and water quality 
• The SWAT HRU definition provided sufficient hydrologic resolution for the 
model 
• All land designated by the NLCD as row crop, hay, or range within Subbasin 6 
grew hay from 2013 to 2017 
• Farmers did not practice contour farming 
• All land designated by the NLCD as row crop, hay, or range within Subbasin 6 
had the same management schedule, and continuously applied a consistent amount 
of solid manure and lagoon effluent every 8 and 4 days respectively 
• All effluent had the same water quality, as measured from lagoon 2 at the dairy 
center, and supply was never limited 
• The effluent water quality mineral and organic partitions were the same as the 
SWAT default values for dairy manure 
• Salinity, sodicity, pH, and organic matter were not considered 
• A constant volume of irrigation was applied occasionally in Subbasin 6 to prevent 
crop water stress from falling below 90% 
• The irrigation efficiency was 75% 
• The irrigation surface runoff ratio was 0.25 
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• The harvest index override was 0.9 and hay was harvested once per year 
• Modifying the average monthly effluent irrigation volume would uniformly 
modify individual application volumes, with the same interval, as modeled. Thus, 
the ratio found between fertilizer by mass and yield by mass can be used to modify 
estimated crop yield 
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RESULTS 
 
SCENARIOS 
Each of the scenario levers was first altered individually around a baseline. Three 
biomass conversions settings were used: gasification, pyrolysis with bio-oil used for 
electricity, and pyrolysis with bio-oil used for fuel. The scenarios are shown in Table 4. 
Abbreviations are used for gasification (G), pyrolysis (P), electricity (E), and fuel (F).  
 
 
Table 4: Scenarios evaluated and respective lever alterations 
 
Scenario 
Stock 
(cows) 
Acres 
Effluent 
(Mgal) 
G/P E/F 
1 400 100 1 G E 
2 800 100 1 G E 
3 1000 100 1 G E 
4 1300 100 1 G E 
5 3350 100 1 G E 
6 200 100 1 G E 
7 50 100 1 G E 
8 400 250 1 G E 
9 400 350 1 G E 
10 400 500 1 G E 
11 400 1000 1 G E 
12 400 10 1 G E 
13 400 100 0.5 G E 
14 400 100 0.1 G E 
15 400 100 0 G E 
16 400 100 1.5 G E 
17 400 100 3 G E 
18 400 100 5 G E 
19 400 100 1 P E 
20 800 100 1 P E 
21 1000 100 1 P E 
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Table 5: Continued scenarios evaluated and respective lever alterations 
Scenario 
Stock 
(cows) 
Acres 
Effluent 
(Mgal) 
G/P E/F 
22 1300 100 1 P E 
23 3350 100 1 P E 
24 200 100 1 P E 
25 50 100 1 P E 
26 400 250 1 P E 
27 400 350 1 P E 
28 400 500 1 P E 
29 400 1000 1 P E 
30 400 10 1 P E 
31 400 100 0.5 P E 
32 400 100 0.1 P E 
33 400 100 0 P E 
34 400 100 1.5 P E 
35 400 100 3 P E 
36 400 100 5 P E 
37 400 100 1 P F 
38 800 100 1 P F 
39 1000 100 1 P F 
40 1300 100 1 P F 
41 200 100 1 P F 
42 50 100 1 P F 
43 400 250 1 P F 
44 400 350 1 P F 
45 400 500 1 P F 
46 400 1000 1 P F 
47 400 10 1 P F 
48 400 100 0.5 P F 
49 400 100 0.1 P F 
50 400 100 0 P F 
51 400 100 1.5 P F 
52 400 100 3 P F 
53 400 100 5 P F 
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TOOL OUTPUT 
The results of Table 4 are observed for stock, acreage, and effluent irrigation 
individually. The relationship between each scenario and the overall profit is shown in 
Figures 12-14.  
 
 
 
 
Figure 12: Profitability of various stock 
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Figure 13: Profitability of various acreage 
 
 
 
 
 
Figure 14: Profitability of various effluent irrigation 
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The slope of the relationships shown on each plot gives the per-unit profit. For 
acreage and effluent irrigation, this slope is the same for each biomass conversions 
setting. However, Figure 12 shows a differing slope for each biomass conversions 
setting. Most notably, gasification and pyrolysis-electricity have positive slopes, while 
pyrolysis-fuel has a negative slope. The more dynamic results shown in Figure 12 are a 
result of more interconnections of stock to the financial drivers of the tool. Increasing the 
stock has a high impact on the income because it produces more of the high value dairy 
products; at the same time, it increases the manure for greater savings from biomass 
conversions and a slight increase in crop yield. It can be seen that savings for electricity 
generation are significant, given enough manure. With pyrolysis, the savings from using 
bio-oil for fuel are not enough to offset the operating cost of more dairy production and 
biomass conversions. By observing the detailed outputs of the tool, this can be observed. 
The detailed financial tool outputs are shown in Table 5. When observing the savings 
from gasification and pyrolysis-electricity, the benefit quickly exceeds the monthly 
average electricity cost for the farm, approximately $64,000. A dairy employing a 
gasification or pyrolysis closed-loop dairy system would need to sell their excess 
electricity produced beyond this point to the grid to continue benefiting. Thus, this 
becomes income instead of savings. 
Income distribution under gasification for each of the three main scenario levers 
can be seen in Figures 15-18. Here it can be seen that dairy and energy income is 
constant when changing number of acres or volume of effluent irrigation, while 
increasing with higher stock. Dairy makes up a significant portion of income from 
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increasing stock, with crop yield being minimal. This shows the low impact of biochar 
on crop yield when compared financially. The energy savings make up a decent portion 
of the stock income, but is less substantial when acres or effluent irrigation are altered. 
For these variables, the crop yield makes up a high percentage, but only at very high 
values. At baseline values, all income is insignificant compared to the dairy yield. 
 
 
 
 
Figure 15: Income distribution with various stock 
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Figure 16: Income distribution with various acres 
 
 
 
 
 
Figure 17: Income distribution with various effluent irrigation 
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Table 6: Detailed financial tool output for scenarios 
Scenario Profit ($) Income ($) Savings ($) Expenses ($) 
1 $ (33,287.53) $     227,918.34 $   32,530.52 $     261,205.87 
2 $ (18,391.33) $     438,566.68 $   65,061.04 $     456,958.01 
3 $ (10,943.23) $     543,890.85 $   81,326.30 $     554,834.08 
4 $         228.92 $     701,877.10 $ 105,724.19 $     701,648.18 
5 $   76,571.93 $ 1,781,449.84 $ 272,443.12 $ 1,704,877.91 
6 $ (40,735.63) $     122,594.17 $   16,265.26 $     163,329.80 
7 $ (46,321.70) $       43,601.04 $     4,066.32 $       89,922.74 
8 $ (9,629.58) $     253,823.34 $   32,530.52 $     263,452.92 
9 $     6,142.39 $     271,093.34 $   32,530.52 $     264,950.95 
10 $   29,800.34 $     296,998.34 $   32,530.52 $     267,198.00 
11 $ 108,660.17 $     383,348.34 $   32,530.52 $     274,688.17 
12 $ (47,482.30) $     212,375.34 $   32,530.52 $     259,857.64 
13 $ (42,002.94) $     219,202.93 $   32,530.52 $     261,205.87 
14 $ (48,975.26) $     212,230.60 $   32,530.52 $     261,205.87 
15 $ (50,718.35) $     210,487.52 $   32,530.52 $     261,205.87 
16 $ (24,572.12) $     236,633.75 $   32,530.52 $     261,205.87 
17 $     1,574.11 $     262,779.97 $   32,530.52 $     261,205.87 
18 $   36,435.74 $     297,641.61 $   32,530.52 $     261,205.87 
19 $ (42,388.16) $     218,817.71 $   23,258.67 $     261,205.87 
20 $ (36,592.59) $     420,365.42 $   46,517.35 $     456,958.01 
21 $ (33,694.81) $     521,139.27 $   58,146.69 $     554,834.08 
22 $ (29,348.13) $     672,300.05 $   75,590.69 $     701,648.18 
23 $         354.15 $ 1,705,232.06 $ 194,791.40 $ 1,704,877.91 
24 $ (45,285.94) $     118,043.85 $   11,629.34 $     163,329.80 
25 $ (47,459.28) $       42,463.46 $     2,907.33 $       89,922.74 
26 $ (18,730.21) $     244,722.71 $   23,258.67 $     263,452.92 
27 $    (2,958.24) $     261,992.71 $   23,258.67 $     264,950.95 
28 $   20,699.71 $     287,897.71 $   23,258.67 $     267,198.00 
29 $   99,559.54 $     374,247.71 $   23,258.67 $     274,688.17 
30 $ (56,582.93) $     203,274.71 $   23,258.67 $     259,857.64 
31 $ (51,189.18) $     210,016.69 $   23,258.67 $     261,205.87 
32 $ (58,229.99) $     202,975.88 $   23,258.67 $     261,205.87 
33 $ (59,990.19) $     201,215.67 $   23,258.67 $     261,205.87 
34 $ (33,587.14) $     227,618.73 $   23,258.67 $     261,205.87 
35 $ (7,184.09) $     254,021.78 $   23,258.67 $     261,205.87 
36 $   28,019.98 $     289,225.84 $   23,258.67 $     261,205.87 
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Table 6 continued: detailed financial tool output for scenarios 
Scenario Profit ($) Income ($) Savings ($) Expenses ($) 
37 $ (54,609.94) $     206,595.93 $   11,036.90 $     261,205.87 
38 $ (61,036.15) $     395,921.86 $   22,073.79 $     456,958.01 
39 $ (64,249.25) $     490,584.83 $   27,592.24 $     554,834.08 
40 $ (69,068.91) $     632,579.28 $   35,869.92 $     701,648.18 
41 $ (51,396.83) $     111,932.97 $     5,518.45 $     163,329.80 
42 $ (48,987.00) $       40,935.74 $     1,379.61 $       89,922.74 
43 $ (30,951.99) $     232,500.93 $   11,036.90 $     263,452.92 
44 $ (15,180.02) $     249,770.93 $   11,036.90 $     264,950.95 
45 $     8,477.93 $     275,675.93 $   11,036.90 $     267,198.00 
46 $   87,337.76 $     362,025.93 $   11,036.90 $     274,688.17 
47 $ (68,804.71) $     191,052.93 $   11,036.90 $     259,857.64 
48 $ (63,410.95) $     197,794.91 $   11,036.90 $     261,205.87 
49 $ (70,451.77) $     190,754.10 $   11,036.90 $     261,205.87 
50 $ (72,211.97) $     188,993.90 $   11,036.90 $     261,205.87 
51 $ (45,808.92) $     215,396.95 $   11,036.90 $     261,205.87 
52 $ (19,405.87) $     241,800.00 $   11,036.90 $     261,205.87 
53 $   15,798.20 $     277,004.07 $   11,036.90 $     261,205.87 
 
 
 
Environmental impacts are treated as directly proportional to effluent irrigation 
in this study. This is visualized by Figure 18. As discussed previously, the relationship 
found is 5*108 kg of nitrate added to the Subbasin 6 watershed per million gallons of 
effluent applied; it refers to levels above the baseline modeled in SWAT without 
continuous effluent application. This corresponds to 1.16 mm/ac per irrigation event. 
From Figure 19, it can be seen that a breakeven profit corresponds to 1.45*109 kg. 
Indeed, a monthly loss of $50,718 would be incurred to prevent all addition of nutrients 
to the watershed according to this study. Figure 16 shows the same relationship for 
soluble mineral phosphorus, where 7*106 kg of P is added to the watershed per million 
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gallons of effluent applied. There is a clear tradeoff between profit and environmental 
quality. 
 
 
 
 
Figure 18: Various effluent irrigation with gasification, nitrate 
 
 
 
 
 
Figure 19: Various effluent irrigation with gasification, phosphorus  
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Table 7: Tool resource outputs and scenarios 
Scenario 
Dairy Yield 
(cwt) 
Crop Yield 
(tons) 
Nitrate 
(kg) 
SOLP 
(kg) 
1 9887 158 5.2E+08 6.8E+06 
2 19773 160 5.2E+08 6.8E+06 
3 24716 161 5.2E+08 6.8E+06 
4 32131 162 5.2E+08 6.8E+06 
5 82799 169 5.2E+08 6.8E+06 
6 4943 158 5.2E+08 6.8E+06 
7 1236 157 5.2E+08 6.8E+06 
8 9887 394 5.2E+08 6.8E+06 
9 9887 551 5.2E+08 6.8E+06 
10 9887 786 5.2E+08 6.8E+06 
11 9887 1571 5.2E+08 6.8E+06 
12 9887 17 5.2E+08 6.8E+06 
13 9887 79 2.6E+08 3.4E+06 
14 9887 16 5.2E+07 6.8E+05 
15 9887 0 0.0E+00 0.0E+00 
16 9887 238 7.8E+08 1.0E+07 
17 9887 475 1.6E+09 2.0E+07 
18 9887 792 2.6E+09 3.4E+07 
19 9887 160 5.2E+08 6.8E+06 
20 19773 163 5.2E+08 6.8E+06 
21 24716 165 5.2E+08 6.8E+06 
22 32131 167 5.2E+08 6.8E+06 
23 82799 182 5.2E+08 6.8E+06 
24 4943 159 5.2E+08 6.8E+06 
25 1236 157 5.2E+08 6.8E+06 
26 9887 396 5.2E+08 6.8E+06 
27 9887 553 5.2E+08 6.8E+06 
28 9887 788 5.2E+08 6.8E+06 
29 9887 1573 5.2E+08 6.8E+06 
30 9887 19 5.2E+08 6.8E+06 
31 9887 80 2.6E+08 3.4E+06 
32 9887 16 5.2E+07 6.8E+05 
33 9887 0 0.0E+00 0.0E+00 
34 9887 240 7.8E+08 1.0E+07 
35 9887 480 1.6E+09 2.0E+07 
36 9887 800 2.6E+09 3.4E+07 
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Table 7 continued: tool resource outputs and scenarios 
Scenario 
Dairy Yield 
(cwt) 
Crop Yield 
(tons) 
Nitrate 
(kg) 
SOLP 
(kg) 
37 9887 160 5.2E+08 6.8E+06 
38 19773 163 5.2E+08 6.8E+06 
39 24716 165 5.2E+08 6.8E+06 
40 32131 167 5.2E+08 6.8E+06 
41 4943 159 5.2E+08 6.8E+06 
42 1236 157 5.2E+08 6.8E+06 
43 9887 396 5.2E+08 6.8E+06 
44 9887 553 5.2E+08 6.8E+06 
45 9887 788 5.2E+08 6.8E+06 
46 9887 1573 5.2E+08 6.8E+06 
47 9887 19 5.2E+08 6.8E+06 
48 9887 80 2.6E+08 3.4E+06 
49 9887 16 5.2E+07 6.8E+05 
50 9887 0 0.0E+00 0.0E+00 
51 9887 240 7.8E+08 1.0E+07 
52 9887 480 1.6E+09 2.0E+07 
53 9887 800 2.6E+09 3.4E+07 
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DISCUSSION 
 
ASSESSMENT OF TRADEOFFS 
Importantly, the baseline scenario 1, which emulates the real conditions of the 
farm, results in a loss of approximately $33,000 per month based on this study. While 
several other scenarios were profitable, they were not so before the farm exceeded either 
1300 cows (3350 for pyrolysis), 300-400 acres, or 3-4 million gallons of effluent irrigation 
per month. Essentially, the management and technology considered in this study would 
only be profitable for dairies about 4 times the size of the baseline. This may be reasonable 
as many farms receive government subsidies to remain profitable today.  
When comparing gasification and pyrolysis, with slopes of $37.24 and $14.49 per 
cow per month, respectively, gasification seems to be clearly more profitable. Based on 
the design of this tool, the high electricity production from syngas was more worthwhile 
than the income from pyrolysis, with a combination of electricity from syngas and bio-oil 
and twice the output of biochar. The addition of biochar to the crop yield was slight, 
overall. In a scenario with 400 cows, application of all the biochar produced from pyrolysis 
over only 10 acres would increase the yield by approximately 19%. For many more 
realistic scenarios, this increase was generally 1-2%. An important consideration when 
comparing gasification and pyrolysis is that gasification does have a higher capital cost. 
Based on literature used to estimate the cost of biomass conversions, a gasification system 
with a 339 g/min feed rate would cost $48,940.78 while a pyrolysis system would cost 
$17,500.10. While over twice the price, a gasification system could quickly pay itself off.  
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This study relies on many assumptions, one of which is that the crop yield is 
directly proportional to effluent irrigation. An important question to ask is: what is the 
limit at which manure and effluent application no longer improve the crop yield? This is 
a potential weakness of the SWAT modeling done in this study. Additionally, the 
contribution of land applied solid manure to crop yield was essentially zero compared to 
the quantity of effluent irrigation. This was done in SWAT on a nutrient mass basis. While 
the tool was equipped to allocate some amount of manure for land application, this setting 
was not used because of the low impact according to SWAT. In terms of environmental 
quality, the nitrate output was highest when effluent application was increased, and the 
lowest when more acres were added. 
This study utilizes the estimated manure production from the dairy for biomass 
conversions. However, there are logistical questions for this. Currently, the manure is 
flushed out of the pens through the pit, screen, and into the lagoons. This study assumes 
all manure is collected for biomass conversions, but clearly a significant portion is 
liquified and passes through the screen into the lagoons, becoming a slurry or effluent. 
Thus, there is an omission here in the quantity of manure available for biomass 
conversions and also that which impacts the water quality of the lagoons and 
environmental impact of the cows’ manure. In scenarios where the scale of the dairy is 
increased, the water balance of the lagoons become of increasing interest. While currently, 
the lagoon water level stays relatively consistent, only falling several feet during dry 
periods, greater volumes of effluent irrigation and greater demand for flushing larger pens 
with more cows and more manure would greatly increase the draw on lagoon water. A 
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great enough increase in demand could cause the dairy to pull more groundwater, having 
a regional water supply impact and increasing the dairy’s electricity bill. 
The number of cows, acres, and effluent irrigation are all held as independent 
variables in this tool. This raises some questions. Why is effluent irrigation independent 
of the number of cows? First, the site description must be reviewed. At the Southwest 
Regional Dairy Center, the solid manure is flushed by a tank of reused water from the 
lagoon. Cows are watered with groundwater. Both this water flows through the pit and 
screen, where solid manure is scraped out. In this tool, all the manure is considered used 
for gasification or pyrolysis. This leaves a question about the water balance. 
There are two lagoons with a known volume that remains steady state, besides 
some fluctuation throughout the year based on climate. The farm manager estimates that 
half the water from the second lagoon is used for irrigation, and half is returned to the 
water reuse tank. This is completely approximate, as there are no flow meters in the system 
except at the outlet of the lagoon going to irrigation. With this information it is assumed 
that the flushing process is closed loop. With more cows, more water would be reused, in 
theory reducing the retention time of the lagoons (about two weeks at present). This leaves 
questions about the reservoir management. 
When it comes to effluent irrigation, there is no set schedule. Farmers irrigate when 
they think crops need water. From dairy center records, there is an average of 1.16 mm in 
each irrigation event with a standard deviation of 0.53 mm. Multiplying this volume out 
to a month comes close to the approximate 1 Mgal of effluent irrigation per month which 
I used as a baseline. Based on the standard deviation, it is reasonable to limit the tool input 
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to 2 or 3 Mgal of effluent irrigation. There are still uncertainties about the lagoons as a 
reservoir, not to mention the applicability of the calculations to other farms which may 
have different livestock and effluent capacity. The limits of the lagoons in terms of how 
much effluent they can hold and cycle for flushing and release for irrigation are unknown, 
but there would surely be a point of exceedance which would require investment; this also 
depends on the farm. It was outside the scope of this study to include a water balance to 
answer these questions.  
When it comes to acreage, we might say there should also be a limit to the size 
based on the available land to a farmer, as obtaining more would require investment. The 
Southwest Regional Dairy Center records data on about 373 acres of fields. In the tool, it 
is better framed as a cultivated portion of the farmer’s total land. There are also illogical 
scenarios, such as applying 3 Mgal to 1 acre. It becomes very complicated to impose such 
constraints on the tool, especially because of uncertainties related to capacity (increasing 
stock beyond a certain point would require investment in a larger dairy facility, etc.). 
Therefore, this study simply leaves the number of cows, acres, and effluent irrigation to 
be reasonably set by the user. It is assumed that these inputs are independent of one 
another. 
 
FUTURE WORK 
This study could be improved by adding a few dimensions. The environmental 
impact is an area of extensive complications that is herein modeled one-dimensionally. A 
possible omission of the simplicity is the fact that the number of cows in one dairy is not 
56 
related to the nutrient load we see as a result; the nutrient load is only related to the amount 
of effluent irrigation. All produced biochar was considered applied to the field in this 
study; it would be of interest to estimate a financial value of biochar to be sold instead.  
Additionally, the benefits of biochar to reduce nutrient leaching, erosion, and 
runoff were discussed but not modeled in this paper. It has been suggested that biochar 
may mitigate emissions to benefit air quality and improve soil nutrient and water retention. 
The environmental impacts submodule could be made more robust with literature-based 
estimates of this.  
The tool must be modified to estimate the financial impact of environmental fines 
to the farm. This is administered by the Texas Commission on Environmental Quality 
(TCEQ) and, according to the dairy center, varies greatly depending on circumstances. It 
could be related to manure input or monitored nutrient output. Regardless, it is of interest 
to estimate the environmental impact in terms of nutrient load added. 
 
  
57 
CONCLUSION 
 
In conclusion, the profitability of the closed-loop dairy concept depends on the 
case. This study suggests it will be worthwhile only for large operations because of the 
high cost of gasification or pyrolysis. Indeed, it suggested that a dairy that fits this model 
would need to scale up by 3-4 times just to break even. In all cases, the value of electricity 
generated from gasification exceeded that of pyrolysis. Using bio-oil produced from 
pyrolysis to make fuel was not worthwhile compared to using it for electricity generation. 
Further, upgrading of bio-oil to be used as fuel would increase the capital cost and reduce 
yield. This study indicated that increasing stock, acres, or effluent irrigation could increase 
profit, but showed a high tradeoff with environmental quality for adding effluent 
irrigation. To determine recommendations based on this study, it would be necessary to 
evaluate the capital cost of scaling up an operation. As well, several expense parameters, 
such as the cost of feed or operating cost of gasification, could vary on a case-by-case 
basis and make a significant financial impact. 
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